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Chapter 1: Introduction
In the recent decade a new revolution of sustainability has emerged. Communities are
demanding responsibility and transparency of environmental and humanitarian practices and this is true
for nearly all industries; including the electronics industry. Electronics are complicated assemblies of
many diverse materials; some which are damaging to health and the environment if improperly handled.
Poor end-of life management for electronic devices has resulted in damaging and unethical disposal
practices which are problematic for high waste volumes. The shortened lifecycles, reduced costs, and
new emerging markets are increasing electronic waste stream volumes every year. Therefore, it is more
important than ever to develop a system of electronic waste management capable of handling large
diverse volumes of e-waste while maintaining environmental and humanitarian integrity.

1.1

The Growth Rate of Electronic Equipment and E-Waste
The technology revolution begins laying tracks in the latter half of the 20th century with the

invention of the transistor in 1947 and the integrated circuit in 1958. The personal computer emerges in
the 1970’s and the first mobile phone comes to market in the 1980’s. In 1993 the information age
breaks ground with the launch of the World Wide Web [16]. We are nearly a decade into the 21st
century in 2009 and there are more electronic technologies coming to market than ever before; offering
consumers newer, better, cheaper, and faster products to replace the old technologies of yesteryear.
Everything is going digital that can go digital. TV’s and satellite boxes, hand-held PDA’s and smartphones, laptops, i-pods, Kindles and the list goes on and on. Our homes, offices, and cars are now
electronic, wireless, and connected to the web. People participating in this electronic revolution have
never been so free and have never had so many opportunities to make of their time what they will.
However, there are also new challenges and problems that accompany these advances and one of those
issues is e-waste.
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Electronic Waste (e-waste), or WEEE if you are from Europe (Waste Electronics and Electrical
Equipment), is a growing problem in the world. In both the United States and in Europe e-waste is the
fastest growing waste stream. An estimated 3,000 tons of e-waste is generated daily and each year 220
tons is dumping into landfills or burning in incinerators in the US [4].The National Resources Defense
Council estimates that 130,000 computers are thrown out each day along with 350,000 cell phones. At
the same time the US is importing 15.6 million computers in the last quarter of 2008 [1, 2]. A half-million
tons of e-waste headed for California landfills in 2006; 50% monitors and TV sets, 25% PC-related items,
and 20% small consumer electronics [7].

1.2

Material Composition of Electronics and E-Waste
E-wastes are different from other wastes in their material composition. Electronics are complex

devices made from plastic, metal, and glass; but they also contain materials known to be hazardous to
the environment and to human health. Glass is almost entirely attributed to cathode ray tubes (CRTs) in
video display systems and the plastics and resins primarily serve as housing and support structures for
metal components and cables. Metals are found in printed circuit boards (PCBs), cables, fasteners, and
some other various applications.
A 1998 US EPA study of the composition of e-waste found the following materials present [8]:
Metals
lead, aluminum, germanium, gallium, iron, tin, copper, barium, nickel, zinc, tantalum, indium, vanadium,
beryllium, gold, europium, titanium, ruthenium, cobalt, palladium, manganese, silver, antimony,
bismuth, chromium, cadmium, selenium, niobium, yttrium, mercury, arsenic, and silica
Polymers (Plastics)
acrylic (mostly PMMA), acrylonitrile-butadiene-styrene (ABS), epoxy, phenol formaldehyde (PF),
polyacetal (POM), polyamide (nylon) (PA), polycarbonate (PC), polycarbonate/ABS blend (PC/ABS),

6
polyethylene (PE), polyethylene terephthalate (PET), polybutylene terephthalate (PBT), unsaturated
polyester (UP), polyphenylene ether/high-impact polystyrene blend (PPE/HIPS or PPO), polypropylene
(PP), polystyrene (including high-impact polystyrene or HIPS) (PS), polyurethane (PU), and polyvinyl
chloride (PVC).
Breaking down e-waste can be a very exhausting process, but if done economically could be as
lucrative as mining. A 19 inch Sony monitor can be disassembled into 5 lbs of steel, 3 lbs of aluminum, 1
lb of copper, 5 lbs of PCB, 13 lbs of plastic, and 40 lbs of CRT glass [1, 2]. Those 5 lbs of circuit board can
be further processed to extract more metals such as gold and palladium. The USGS reports that 1 metric
ton of computer scrap contains more gold than 17 tons of ore, but that number slides drastically if the
scrap is primarily cell phones [4]. Where a ton of earth may only contain 5 grams of gold, a ton of cell
phones contain close to 400 grams of gold, 500 grams of silver, and 4 grams palladium [17]. But risk and
reward are never far from each other and caution should yield to the other, more dangerous, materials
found in e-waste.

1.3

Methods of Disposal
Electronics do a lot to improve the daily lives of people in the modern world. However, they can

cause a lot of harm to the environment and to human health when disposed of improperly. Toxins found
inside of electronics are minimal in volume but dangerous in accumulation, and with the volume of ewaste accumulating there is reason to worry about contamination from mismanagement.
1.3.1

Landfills
Waste management laws have been around since 12th century England and possible even

earlier. The laws are designed to protect people and communities from pollution and disease. The
concept of digging a hole and burying waste makes economical sense for how cheap and easy it is. It
made sense back then too for the same reasons, and abandoned mining operations were readily
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available to take the job. However, it turns out burying waste comes with its own set of health and
pollution problems.
1.3.1.1 Landfill Pollution
Landfill pollution comes in landfill gas and leachate. Landfill gas is a byproduct of the chemistry
behind decomposition. It contains up to 55% methane and 45% carbon dioxide. Methane gas is very
explosive and is also considered a global warming greenhouse gas. Methane from landfills must be
collected and managed to prevent landfill explosions and to curb atmospheric emissions and their
questionable effects on the environment. Methane can be used as a fuel for on-site energy, converted
to biogas, or as a last resort burned off to produce carbon dioxide and water. Leachate is the liquid
seepage that results from water percolating through a landfill. The water extracts out soluble chemicals
to form a toxic liquid composed mostly of organic compounds and heavy metals. The organic chemicals
change the pH of the water, making it acidic and allowing metal ions to dissolve. The leachate enters the
soil and groundwater, causing health and environmental problems for the local population. Landfills are
now designed to minimize environmental contamination, but they are based on a plastic liner system
which is not fail-safe and in some cases have been known to leak [16].
Eighty percent of Americans choose to throw old electronics in the trash [2]. The result has been
a massive increase of heavy metals present in landfills. According to a California State Senate hearing in
2005 the greatest source of mercury in California landfills is from batteries, switches, and printed circuit
boards; and the leading source of cadmium, from rechargeable nickel-cadmium batteries found in
computers [4]. The second largest source of lead in municipal landfills is from e-waste. E-waste volumes
in landfills have increased 85,000 tons per year for over the last 30 years. That is a total increase of
700%. In addition, according to an article published in 2005, the national average total mass of lead in
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CRTs has increased by roughly 185% (or 46,000 tons) each year with up to 7 lbs of lead used in a single
CRT [2, 6].
1.3.2

Burning
Burning waste is an ancient practice and can be a good way to avoid all the unpleasantness of

storing it. But some items, when burned, produce toxic gases and ash which have caused environmental
and health problems. The first recorded incinerator built for the purpose of waste management was in
the UK in Nottingham in 1874. Today, incineration is increasing as a method of waste disposal and
energy recovery. Energy from Waste (EFW) and Refuse Derived Fuel (RDF) are considered renewable
energy sources and research is currently underway on how to optimize these processes. With current
technology, one ton of waste can produce between 550 and 650 kW-hours of electricity. In the future
maybe that number will be more. But cleansing systems must be in place to remove dioxins and metals
from the gas and ash produced; especially when thorough pre-sorting of burn material is not performed.
The pollutants produced from burning e-waste have both direct and indirect consequences to
health and the environment. Dioxins, from PVC combustion, are toxins persistent in the environment
and are bio-accumulative through the food chain. Bioaccumulation results in poisoning of food sources.
Fluorinated compounds, from burning plastic and LCDs, cause acid rain and respiratory problems. Heavy
metals from burned electronic circuitry can cause diseases and problems in several biological systems;
including the central nervous system, the neuromuscular system, and many organs in the body.

1.4

Health and Ethical Concerns
The health issues associated with e-waste are diverse. Heavy metal poisoning has many

symptoms and it is difficult for doctors to diagnose. Which symptoms show up and why they manifest in
some individuals and not others is still unknown. Toxins found in e-waste have been known to damage
the lungs, liver, and kidneys in addition to cause disease of the endocrine, cardiac, skeletal and nervous
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system. Exposure to lead is also proven to lower the IQ’s of children and damage hearing [4]; a primary
reason why lead based paints have been banned from all children’s products and most household items.
The seriousness of these conditions makes e-waste management practices a hot-bed for ethical debate
when underrepresented peoples are exploited for financial gain; as is the case with waste exports and
prison labor.
1.4.1

Exporting Waste
Electronics that escape landfills often end up shipped overseas for manual disassembly.

Currently only 20% of electronics are sent to recycling centers and 80% of that is shipped to developing
countries such as China, India, and Africa [1, 3]. Developing countries have relaxed environmental and
health regulations that allow the practice of backyard recycling. Backyard recycling is where containers
of e-waste are dumped in impoverished neighborhoods for poor families to rummage through and
extract out the valuable materials. The methods of extraction are crude; often using harsh chemicals
and make-shift tools over small porch fires [2, 12]. Health and safety issues are either unknown to these
people or neglected by condition. In Chinese villages where e-waste is sent for backyard recycling
residents suffer from chronic illness such as skin rashes and respiratory problems, and the water is
undrinkable due to acute contamination [9]. Guiyu, China is a known recycling hub for electronics.
According to reports from Shantou University, it has the highest level of cancer-causing dioxins in the
world along with elevated rates of miscarriage [2]. Fortunately, this current practice is being phased out
as public awareness of the situation heightens and tech companies start taking responsibility.
1.4.2

Prison Labor
Many of the dangers associated with e-waste are best illustrated in U.S. prison labor operations.

UNICOR, a company that trains and employs federal prison inmates, has e-waste recycling partnerships
with 6 federal prisons across the country. In lieu of sending e-waste overseas for cheap labor UNICOR
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uses prison labor to manually disassemble e-waste. Prisoners are exposed to toxins and injury by using
rudimentary practices for disassembly and neglecting worker health and safety standards. The report
that describes the operations at the Atwater facility was published by the Silicon Valley Toxics Coalition
(SVTC) in 2005 [9].
1.4.2.1 Atwater-UNICOR
The SVTC toured the Atwater-UNICOR prison facilities in order to gain insight into current ewaste recycling methods. They were not allowed to bring an occupational health expert or to interview
the prisoners. However, by observation they discovered the inefficiencies of security protocol that
surrounds any work performed at the facility. All tools and procedures are designed around security
measures instead of safety. They reported inmates sitting in plastic folding chairs at makeshift tables
using tools that are inappropriate for the tasks. Workers complain of the working conditions in letters
written to the SVTC. They describe glass cuts and cuts from metal shards and black mucus in their noses.
Exposure to e-waste toxins must be high in these facilities.
1.4.2.2 Mariana-UNICOR
At the Mariana facility inmates are given steel toe boots and rubber gloves for protection from
cuts and abrasions and paper masks for the dust. But apparently it does not do much because the dust
is still everywhere, covering inmates from head to toe. It even reaches the parking lot where it settles
and sticks to cars like pollen. Inmates are not the only ones to suffer health complications. Staff
members from these facilities report a myriad of complications: Sores on the skin, memory loss, hip
deterioration, hip sclerosis, diverticulitis, and Irritable Bowel Syndrome. One female staff member has
also had gall-bladder surgery in addition to issues with cracking bones and an enlarged uterus. A staff
member who recently died at the age of 36 after working at the prison for 7 years complained of
systemic lupus, blood clots, kidney failure, internal bleeding, digestive problems, joint and muscle pain,
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heart disease, and respiratory disease. A lawsuit was filed against UNICOR for the death of 12 people
exposed to the operations at Mariana. They claim heavy metal poisoning from unsafe operations is what
killed them and that many more people are still suffering from health complications [10].
1.4.2.3 Manual CRT Crushing
Facilities that use mechanized cutting operations to break down CRTs have significantly lower
levels of cadmium and lead at workstations compared to workstations at facilities where CRTs are
manually broken. But at UNICOR facilities CRTs are manually crushed by a team of 8-12 inmates wearing
hazmat suits and respirators. They are given hammers for a tool. The area is caged and blocked off with
plastic sheeting equipped with an air filtration system. The SVTC is concerned about dust migration into
non-work areas where pollutants can be ingested. Concentration may be minimal but it can accumulate
over time inside the body and cause chronic illnesses. Electronic disassembly plant workers also have
significantly higher levels of BFRs in their blood serum, which is a major concern for causing cancer and
other illnesses [9].
1.4.2.3 Conflicting Stories
According to the SVTC publication UNICOR facilities operate completely out of compliance with
all federal, state, and local government regulations on worker safety and environmental protection.
However, this is contrary to the UNICOR Recycling website which claims to follow all government health
and safety regulations and is even ISO 9001:2000 compliant and IAER Certified (International Association
of Electronics Recyclers). They also have multiple 3rd party inspectors in addition to a full time health and
safety manager who oversees medical testing and monitoring and safety training. Whether or not these
conditions came in place after the SVTC report was published is unknown and subject to investigation.
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1.5

Legislation and Campaigns for the Proper Handling of E-Waste
In the last decade people started addressing the issue of e-waste and pushing for legislation

promoting electronics recycling and sustainable electronic design. The 1992 Basel Convention, an
international treaty stopping hazardous waste exports, is the first treaty to address the problem and is
still in effect today. Unfortunately, it is often evaded using loopholes in the language of the treaty.
However, the Basel Action Network (BAN), an NGO dedicated to stopping “toxic trade,” is working to fix
this problem by banning e-waste exports entirely [2, 3]. But the most extensive laws on e-waste
management come from the European Union under the WEEE and RoHS (Restriction of Hazardous
Substances) Directives. The U.S. is quickly catching on but is still behind on forming any substantial
national recycling programs, but several states are enacting their own legislation and many companies
are already integrating sustainability into their business plans.
1.5.1

International
The WEEE Directive became law February 13, 2003. It is legislation that requires producers to

take responsibility for their products for the duration of the product life-cycle. Products under the WEEE
Directive include all electrical or electronic equipment that have an AC voltage up to 1,000 volts and a
DC voltage up to 1,500 volts. Producers subject to the WEEE Directive are all manufacturers, resellers,
and importers/exporters of EEE. Regardless of the size of the company all producers must comply with
the WEEE and RoHS Directives; and have been doing so since 2006. The RoHS Directive is an extension of
the WEEE Directive that ensures electronics sold in the EU do not contain lead, mercury, hexavalent
chromium or flame-retardant plastics [7]. The goal is to increase recycling and reuse, improve
environmental performance, and establish industry standards for the collection and treatment of WEEE.
The WEEE directive separates WEEE into 10 different categories and sets standards for the rate
of recovery and for recycling based on weight percentages. Minimum percent weight recovered is the
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required percentage of material that the producer must recover back from the community and the
minimum percent weight recycled is the percentage of material recovered that must be recycled. The
Categories and their respective recovery and recycle rates are listed below in Table 1[12]:
Table 1: Recovery and Recycle Rates - Department for Business Innovation & Skills

Category

min % wt recovered

min % wt recycled

Large Household Appliances

80

75

Small Household Appliances

70

50

IT/Telecommunications

75

65

Consumer Equipment

75

65

Lighting Equipment

70

50

Electrical/Electronic Tools (sans large-

70

50

Toys/Leisure/Sports

70

50

Medical Devices (sans

70

50

Monitoring/Controlling Instruments

70

50

Automatic Dispensers

80

75

scale stationary industrial tools)

implanted/infected products)

The RoHS Directive became law on February 13, 2003 along with the WEEE Directive. The
purpose is to restrict the use of hazardous substances in the design and manufacturing of WEEE. As of
July 1, 2006, all EEE on the European market must not contain more than the agreed upon levels of
hazardous material [12]. Another similar directive in Europe is the EuP (Energy using Products) Directive
which aims to promote environmentally friendly EEE designs regarding energy efficiency. An example is
the 1 watt requirement for products in standby mode [12].
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1.5.2

Federal
Currently there are no federal recycling mandates on e-waste for the United States. However,

wastes containing hazardous materials are subject to federal handling laws. Under federal regulations,
businesses that generate large quantities of hazardous material (220 lbs/month) must be sent to
landfills permitted to accept hazardous waste. Small quantities including all household electronic wastes
are exempt but may be regulated under state laws [13]. The reason that the US lacks any uniform
recycling laws for e-waste is due to disagreements among industry groups on who should pay for it.
Many electronic producers do not want to carry the costs associated with recycling while others are
willing to comply.
The National Electronic Product Stewardship Initiative (NEPSI) is a group of industry leaders,
governments, retailers, NGO's, and recyclers who gathered in 2001 to discuss a take-back law.
Unfortunately the NEPSI fell apart in 2004 after a long fight with television companies opposing a
national take-back program. However, computer companies were willing to comply and many
companies today have their own programs. After the breakup of the NEPSI the Electronics Industry
Association (EIA) tried to propose an industry split, but that failed to get enough support too. The
Congressional E-waste Working Group also tried to move legislation with their “Concepts Paper” and ewaste has been discussed in the House Science Committee hearings both in 2008 and 2009. The
proposals were supported by NGO’s, federal, and local governments but failed to gather industry
support. Currently the House just passed a bill authorizing the EPA to award grants for research,
development, and demonstration projects on electronic waste reduction. It also asks the National
Academy of Sciences to conduct a study on how to reduce e-waste volumes and issues grants to higher
education institutions to develop curriculum on environmental designs [15]. Therefore it should be
noted that the lack of legislation in the U.S. is not a result of indolence but of the U.S. democratic
process.
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Landfills are the first place to address the problem of hazardous waste, where most waste is
disposed of. Municipal landfills are not designed to handle and store hazardous waste so there are strict
regulations surrounding hazardous waste dumping. At the time there were a lot of technically hazardous
materials that were dumped in regular landfills because they did not meet the current definition of
hazardous waste. The 1993 Universal Waste Rule (UWR) took a select group of widely generated
hazardous wastes, called it universal waste, and applied management regulations on it [6]. These
regulations were developed in an effort to discourage dumping and encourage recycling of these
common materials. However, this shifting of definitions did little to solve the problem but was merely a
band-aid for the moment.
The UWR shifts definitions of hazardous waste. For example, only shredded circuit boards are
considered hazardous waste if they contain mercury switches, mercury relays, nickel cadmium batteries,
or lithium batteries. Whole stuffed circuit boards containing those materials are not. Unbroken CRTs
stored for less than a year and some broken CRT glass is not considered hazardous either. Unbroken CRT
glass clearly labeled, safely transported, appropriately stored, and stored for less than one year prior to
recycling are not are considered universal waste under federal regulations [13].
Exporting CRTs, both broken and unbroken, is regulated under the EPA. Consent must be given
by the EPA and the receiving country if any CRT glass is to leave the US [13]. However, according to a
report August 2008, 43 US recycling firms were willing to ship broken CRT monitors to buyers in foreign
countries without getting required permission from the EPA and the receiving nations [2]. The same
report declared the EPA as lacking enforcement for their regulations. This is a large failure on the federal
government’s part to effectively regulate what little they do regulate to begin with.
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1.5.3

State
The Universal Waste Rule (UWR) requires hazardous wastes not included in the rule to be

treated as such under federal law. This rule caused several issues in California from the strict
management controls. People were reluctant to properly handle waste and would use the municipal
landfill or dump on the side of the road. This spurred the 2000 Emergency UWR (Cal-UWR) which eased
the federal regulation of the disposal of some e-waste. California universal waste, slightly different from
the federal definition, must be high volume, ubiquitous in dispersal, and contain chemicals that would
typically be termed as hazardous but when handled properly pose minimal health threats. Based on
these two criteria CRTs are indeed a UW. However, in 2003 the California EPA Department of Toxic
Substances Control banned municipal landfill dumping of CRTs altogether after a 1999 study found them
to leach an amount of lead that exceeded more than 3 times the regulatory threshold for hazardous
waste [6].
Currently California has a fee-based system promoting the collection of CRT’s and bans the
disposal of CRT’s in municipal landfills. California also requires retailers to take-back cell phones for
recycling [4]. Under the 2005 California’s Electronic Waste Recycling Act (EWRA) Californians will be
charged a fee between $6 and $10 whenever they purchase an electronic device or piece of equipment
that has a video display and covered under the law. This fee will be collected by the CIWMB and
distributed to electronic waste processing facilities throughout the state to fund recycling operations. In
addition, a set of restrictions on the use of hazardous substances begins January 1, 2007. The law is
directly modeled after the European RoHS Directive and requires California manufacturers of covered
electronic devices (CEDs) to verify efforts to reduce toxic substances, increase the use of recyclable
material in their designs, and provide consumer outreach programs [7, 14]. California, the birthplace of
technology, is one of those states leading the way in e-waste regulation and hopefully will serve as a
model that the rest of the country will want to adopt [3].
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1.5.4

Manufacturer Initiatives
Due to the pressures of the green revolution and new legislation regarding end-of-life

electronics many manufacturers of electronics have initiated programs to comply with both the laws of
the land and the demands of the marketplace. For example, Apple now designs laptops that are more
easily recyclable and Sony has pledged only to work with recyclers that don’t export. Dell has offered
free recycling since 2004 via shipping arrangements online, but now has an in-store recycling program
with Staples. Dell also ensures their recycling partners are environmentally compliant through the use of
environmental audit firms that check-up on partner operations [2]. They also has an Asset Recovery and
Recycling Service geared toward school districts. They pick-up, ships, clear data, audit remaining value,
and help resell to third parties. For items that has no resale market Dells partners’ disassemble and
dispose of the equipment while promising to “Be a Responsible Neighbor;”prohibiting materials that
pose environmental threats from being exported to developing countries unless approved by Dell’s
Asset Recovery Services Council [1].
The Electronics Take-Back Coalition is an organization dedicated to tackling the issue of e-waste. The
Coalition serves as a consumer education group by conducting and organizing research on e-waste,
explaining legislation, and reporting and providing current information on the proper way to handle
electronics. On their website they have a guide to “Who Takes Back” to assist consumers in buying from
responsible manufacturers and helping to educate the public. See Table 2 below [15]:
Note: compliance with state laws is not the same as a national take back program
Table 2: Producer TakeBack - Electronics TakeBack Coalition

Program Type
Completely Free TakeBack

Computers
Dell
Lenovo
Toshiba

TV’s
LG (including Zenith & GoldStar brands)
Panasonic (includes Technics)
Samsung
Sharp
Sony
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Toshiba
Sometimes Free (select
users/products)
Pay for Take-Back

No Ongoing Take-Back
Program

HP
Apple
Asus (laptops only)
Gateway
Viewsonic (must buy
extended warranty)
Acer
NEC

Funai,
Hitachi *
JVC *
Mitsubishi *
Philips *
Pioneer *
Sanyo *
Thomson *(owns GE, RCA)
Vizio
* Denotes company that lobbies against state legislation promoting producer take-back programs.

1.6

Cost
An obstacle to recycling e-waste is the heavy costs associated with dismantling, sorting, and

recovering e-waste materials. For the past 50 years manufacturers have designed for cost, size, and
performance. They have focused all research towards developing the next generation of better, cheaper
and faster products with operations and designs geared towards efficient assembly (as opposed to
disassembly). This has put electronic recycling companies in a very tough spot; having to develop
processes for taking apart devices that were never designed to be taken apart. This equates to high
labor costs and high capital costs to invest in special automated machinery. The whole e-waste recycling
business is often a money-loser despite the volume of valuable materials. Recyclers must make up for
these losses in the recycling fees or develop new efficient disassembly technologies to stay in business
and remain competitive [1]. Under the WEEE directive producers are expected to absorb the costs
associated with these activities and not burden consumers. It is estimated to cost them around 1% to
4% of sales [12].
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Chapter 2: Background and Literature Review
The sustainable revolution has spurred consumer consciousness about recycling and waste
reduction with the famous motto of “Reduce, Reuse, and Recycle.” These words coupled with the green
triangle of arrows are the first symbol to explain the vision of waste management for an earth friendly
generation. The “Green Campaign” has been very successful in gathering community support and
awareness, but the facts about reduce, reuse, and recycle are very complex. Putting it into practice will
be a continuous battle as society and technology evolves. This chapter will discuss the current progress
on that battle beginning with the different avenues of recycling and current practices and developments
in e-waste management.

2.1

Avenues of Recycling and Common Terminology
There are many ways to go about recycling old electronics, but a general hierarchy has

developed on the preferred order of applied recycling methods. Following the hierarchy ensures waste
has been fully utilized before arriving at the true end of life. It also helps to slow down the waste stream
from overburdening end-of-life systems; allowing time for those systems to develop to meet the needs
of the waste stream. The e-waste hierarchy is listed below:
1. Refurbish and re-use
2. Repurpose
3. Recover and re-use functional modules
4. Recover and re-use components
5. Recover material
6. Produce raw material feedstock
7. recover energy
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There are services and systems in place today that cover all levels of the hierarchy; and even
though some systems are not yet fully developed, efforts in research and support from legislation have
led to some significant gains in the e-waste recycling industry. The current systems in place today are
discussed below and throughout the chapter.
2.1.1

Asset Recovery and Donation
There are many different forms of recycling and each has their benefits and their drawbacks.

The most basic and historical form of recycling is to “turn one man’s waste into another man’s
treasure.” Today this is called asset recovery by the recycling industry. A recycling business will often sell
equipment on behalf of a client and then split the proceeds with them [1]. The equipment that moves
through this channel is usually not too old and has some sort of current operating value. This type of
service is usually done through online auctioning sites. The sale of equipment helps recover value from
technology related assets. Another similar practice is donating used equipment to non-profit
organizations that help distribute older equipment to groups and individuals who might not otherwise
be able to afford.
2.1.2

Down-Cycling
Another type of recycling is called down-cycling. Down-cycling is where recycled material is used

in lesser-value products. This is a result of poor recycling technologies and is most often the case for
items that have been processed for material recovery. The material cannot be used in the same
application again because of quality issues [5]. An example would be building a park bench out of plastic
bottles. Recycling technologies cannot take a plastic bottle and make a new plastic bottle with the old
materials but they can make a lower grade plastic that is suitable for plastic benches or other lower
quality applications.
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2.1.3

Closed Loop Recycling
Closed loop recycling is the ideal recycling scenario; the ability to process waste material back to

its original state and use it over again in the same application [5]. This is currently achievable in some
select products. For example, glass products such as old CRTs can be melted down to make new CRTs.
Windshields can be melted down to make new windshields. However, there are problems when the
demand for certain products fade; which is also the case with CRTs. Since people are no longer buying
that type of television technology there is no market for used CRT glass. There are also complications in
recycling materials that are treated or embedded with other materials; as is the case with CRTs
embedded with lead. Therefore closed loop recycling is only possible if the technology is up to date to
process waste materials.
2.1.4

Pre-Cycling
Pre-cycling is a term that describes consumer habits and is not a recycling technique, but is

relevant to the electronics industry. Pre-cycling is when the consumer chooses a product based on the
recyclability of the materials [5]. An example would be a college student who buys a new Mac Book
laptop for school because they read an article about Apple’s efforts to make their products more
environmentally friendly. Maybe that same student buys paper and binders from recycled materials.
Pre-cycling is consumer support of recycled products. It helps the recycling industry and manufacturers
invest in environmentally friendly technologies and research because there is a market demand to
support it. In political terms it is called “voting with your dollar” because consumer demands are what
drive a consumer society.
2.1.5

Material Recovery
Recycling, to the recycling industry, means to take equipment back down to its component parts

for material recovery [1]. Many e-waste recycling facilities are really only disassembly and sorting
facilities that sell or export the sorted material to other companies who specialize in specific materials.
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For example, a facility may have a pile of glass, a pile of plastic, a pile of circuit boards, and a pile of
wiring at the end of the operation line. The pile of glass goes to a company that specializes in glass
recycling and the plastic to a polymers specialist. This illustrates how interconnected consumers,
manufacturers, suppliers, and recyclers are to one another in the effort to build a sustainable
community. Through this picture sustainability is less of an industry and more a way of a way of life that
promotes a way of business.

2.2

E-Waste Management Practices
The recycling and recovery of material is a brand new industry in the infancy stage of

development, but technology is evolving rapidly. The systems in place now are just a start for the
systems that will be in place tomorrow. The following sections will explain how recovered e-waste is
currently handled and processed and how and where it ultimately ends up.
2.2.1

Collection

Collection is the first step in the recycling process and is critical to the success of any program. Collection
schemes have to be designed for maximum compliance and require community acceptance. The success
of the recycling campaigns in the past has built awareness and people now want to do the right thing,
but that desire and willingness to comply is weighted on accessibility, cost, and culture.
2.2.1.1 Transportation
A collector can look at e-waste in two ways; either as something of value that must be handled
with care or as a waste. Depending on the point of view collection methods will vary. In the US and
Europe e-waste is seen as waste and is handled to maximize volume of material per truck-load. For
collectors this is efficiency, but for recycling this is problematic. Many good pieces of equipment that are
well suited for the resale market are damaged from transportation conditions. However, in Japan they
view their trash differently. The Japanese regard their waste as a valuable source of raw material and
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have designed a collection system based around this notion. At the collection point certain regulated
electronic waste is streamed into 4 product categories and picked up by special hydraulic trucks with
cages designed to minimize damage during transport. As a result they have higher than expected
recycling rates and higher yields of higher quality materials. But it should be noted that the WEEE
Directive in Europe and the EWRA in California are much more extensive and cover a much wider range
of products where in Japan only large appliances and televisions are treated under law [20, p17].
2.2.1.2 European Collection Schemes
The European WEEE Directive allows member states to develop their own number, capacity,
organization, and management of collection points. There are basically three types of collection
schemes in Europe; municipal collection sites, retailer take-back, and producer take-back. Some
countries run collection schemes through non-profit organizations, some by regional authority
collectors, and the Netherlands have multiple collection schemes for each category of waste. The
variable collection schemes add complications and costs for the producers that are responsible for
paying for it, but the benefit is that is allows countries to establish systems best suited to their
communities [16].
The problem with having a wide range of regulated products is how to best handle segregation
at the collection point. Despite the ten different categories of waste defined under the WEEE Directive,
it is more practical to condense them into five for collection purposes. This reduces the amount of space
allocation at the collection site and simplifies collection operations. However, this practice has effects on
operations at recycling facilities. The five collection categories condensed from the ten in the WEEE
Directive are listed below:

•

Refrigeration equipment

•

Other large household appliances
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•

Equipment containing CRTs

•

Linear and compact fluorescent tubes

•

All other WEEE

2.2.1.3 Collection in California
Currently in California there are 612 collectors and 59 recyclers that have been approved by the
state to handle e-waste. These businesses are in compliance with state regulation and receive funds
from the Electronic Waste Recycling Act of 2003 (EWRA). The California Integrated Waste Management
Board (CIWMB) has a detailed website and searchable database intended as a tool for organizations
wishing to conduct business with one another as related under the EWRA. However, there is also an
Electronic Product Management Directory for the general population to locate services and special
collection events within their county specializing in e-waste [14]. This directory links communities to
local business that have a myriad of collection practices. Some collect from your door and others have
drop off locations some charge fees and others don’t. It is up to the client to decide what collection
method they prefer.
2.2.1.4 Willingness to Pay
In order to gauge willingness to pay for end-of-life electronics recycling a survey was conducted
among 357 Californians. The survey, published in Environment and Behavior earlier this year, revealed
that of those who participated, 34% prefer a drop off center while 29% like a curbside service option.
The third most desirable system is a deposit-refund program at retail locations followed by a “pay as you
throw” option. The least favorable option is a drop-off at retail locations [11]. It is interesting to note the
Japanese have a “pay as you throw” and retail drop-off system and they maintain high recycling rates
and efficiency [20, p.22].
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In Europe the producer pays for recycling costs through competitive service tender contracts
outsourced to commercial suppliers. In countries where there are many recycling services competing in
the e-waste business the recycling costs are lower; for example in Germany it only cost 7 euro cents to
recycle a laptop, and in Spain it costs 20 euro cents. In other countries where there is only one or few
recyclers for industry to work with costs are higher; as is the case with Switzerland and Ireland.
2.2.2

Processing Mixed E-Waste
Mixed e-waste recyclers must be able to handle all the variable equipment that fall under that

category. If e-waste was thoroughly segregated at collection then recycling processes could be more
specialized, less complex, and yield higher quality materials. But the electronic industry is constantly
evolving as new technologies enter the market and specialized processes have uncertain futures.
Therefore, recycling techniques capable of handling a diverse mix of electronics will have a more
meaningful impact on the future of e-waste recycling. A few processes have already been developed
that are able to accept mixed WEEE and several of these types of facilities are in operation around the
world. A combination of manual labor (disassembly) and automation (material separation) result in
concentrated piles of component material shredded down to a uniform size for further refining [20,
p.10]. The focus of current research is in developing these technologies to yield higher quality outputs
that have fewer impurities.
Mixed e-waste is processed by mechanical separation techniques that create segregated
streams of similar materials with consistent sizes. Manual sorting is used to remove large identifiable
items such as circuit boards and cables and toxin-carrying components from the mix. Efficiency and
quality are dependent on manual sorting effectiveness, iterations the material must move through, and
facility layout. The following sections will focus on mixed e-waste processes currently in practice, but it
should be noted that e-waste containing CRTs and refrigeration equipment are typically handled in
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separate facilities for special processing of the large amount of hazardous materials involved. However,
specialized facilities share many of the same techniques that will be discussed.
2.2.2.1 Disassembly
Under Anex II of the WEEE Directive (see Appendix B) there is a list of materials and components
that must be removed. This step is called de-pollution and is heavily influenced by the training of the
workforce. De-pollution is a complex task that involves diverse materials and requires manual
operations. Before de-pollution, mixed WEEE is segregated into categories containing similar
components for streamline purposes [12, 20]. This phase also has manual disassembly of large
identifiable parts since the unit is already open and the casing is removed.
2.2.2.2 Crushing
After de-pollution the mixed e-waste is sent through a crushing machine that reduces the size of
the material. The typical machine used for this process is the hammer mill. A hammer mill slowly feeds
material through a rapidly moving hammer. The material is fractured into pieces whose size depend
upon the configuration and speed of the hammer and the design of the filtering screen that fractured
pieces fall through. Hammer mills are designed and configured to optimize chances of impact in order to
promote efficiency and reduce the need to iterate the material through the mill.
2.2.2.3 Size Classification
Crushed material is then sorted according to size classification. There are several methods to
accomplish this; screeners and sifters, air classifiers, density separators, trammels, and water classifiers.
For screeners and sifters, rotating screens sift material fed into the interior and allow fine pulverized
material to fall through while the bulkier particles are bounced off the end of the unit. Three types of
screening units are common for this classification method; drum sifters, rectangular decks, and round
decks. Air classifiers use cyclone-like spiral air flow to suspend the finer particulates and allow the
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heavier materials to drop out the bottom. Air classifiers may be stacked on top of one another, with
each chamber operating at a different velocity capable of sorting different size classifications. Density
separators screen material based on density and are typically hydraulic or water-based although
pneumatic or air based systems also exist. Trommels are rotary drums with a grate-like surface and large
openings that are used to separate coarse material from a bulk material stream. Finally, water classifiers
use water or other liquids to separate material in a similar manner as air classifiers. Materials settle
according to particle size and weight and the velocity of the flow.
2.2.2.4 Separation and Sorting
After material is classified by size it moves on to separation and sorting processes that filter material by
material type. This stage of the recycling process is the most important for recovering valuable material.
Designs are based on physical material properties such as magnetic, electrostatic, and density
separation. However, all these techniques are sensitive to the quality of size segregation and incoming
material may require iterations through the hammer mill to ensure effectiveness.
2.2.2.4.1

Magnetic Separation

Magnetic separation is used for separating out ferromagnetic metals from non-ferrous
materials. It employs ferrite, rare-earth alloy magnets, and other electromagnetic materials. This
method is used in conjunction with a conveyor belt, where the magnet is placed on the underside of the
conveyor so that only non-ferrous materials will leave the conveyor and the magnetic materials will be
drawn under the belt and deposited. Another way of separating ferrous materials from the non-ferrous
is to use an eddy current separator. Eddy current separators work in opposite to magnetic separators by
filtering out the non-ferrous materials from the ferrous. A high-speed rotating magnet creates a
magnetic field which repels non-ferrous metals away from the magnet, leaving ferrous material on the
feed belt. See diagrams in Appendix C.
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2.2.2.4.2

Electrostatic Separation

Electrostatic separation is another method used by e-waste recyclers. It uses a rotor and a
charged electrode to separate conductive and non-conductive material based on electrostatic
properties. For e-waste this is a great method of separating out the conductive metals from the plastics
and other non-metals. It is used mostly in the retrieval of copper, aluminum, and other precious metals
from PCB scrap and chopped electrical wire.
2.2.2.4.3

Density Separation

Density separation may also be used as it was in size classification, sorting materials by specific
gravity. However the effectiveness of a density separator to separate based on material type is heavily
dependent on the size and shape consistency of the feed; otherwise a density separator will continue to
sort by size and shape and not based on density. Air and water based tables have been widely used in
other industries as a density separation method and have been adopted for use in recycling e-scrap. Air
and water tables are essentially large scale gold pans that tilt to one side. When air or water is employed
the high-density particles migrate to one side of the table and the low-density materials remain on the
other side.
2.2.2.5 Emerging Sensing Technologies
The future in recycling operations is the development of sensing technologies that assist in
segregating mixed materials. The higher the degree to which recyclers can identify and segregate
material the higher the quality of the end product. Opto-electric sorters and Laser Induced Breakdown
Spectroscopy are emerging technologies that will identify materials and may even detect BFRs. Other
techniques under research for the specific task of plastics identification is laser-induced fluorescence
and x-ray. Developing and applying these technologies will greatly impact the success and effectiveness
of the recycling industry. Sensing technologies will increase quality and promote the advancement of
closed-loop applications. They will also reduce the need for a large labor force as automation is
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introduced. Eliminating high labor costs and improving output quality will improve operating efficiency,
keeping our wastes from traveling overseas and reducing undesirable exposure to hazardous materials.
2.2.3

Output Material and Further Refining
The products of e-waste recycling operations are not yet ready for end markets. They are sent

on for further refining depending on the material. Piles of metals, plastics, and glass are sent to smelters
and refiners. Metals are the easiest to recycle and have readily available markets to accept them. They
also constitute the largest weight percentage of e-waste at approximately 47%. But glass and plastics
pose more of a problem.
Glass, mostly from CRTs but now shifting towards flat-panel displays, is separated into two
types; funnel glass and panel glass. Funnel glass has high lead oxide content and panel glass contains
barium and strontium oxides. It is possible to recycle CRT glass in a closed-loop system; however,
according to the Electronics Industry Alliance there is no economical technology available to test the
composition of recycled glass. That, along with the declining market for CRTs, leaves few markets for
recycled glass; however, future applications have been identified in building materials and smelting
operations [9].
2.2.4

Polymers and Plastics
Plastics and polymers are the most troublesome material to recycle and make up about 20% of

all e-waste collections. There are issues with the wide variety of compositions and applications polymers
are used for. The most widely used plastics found in e-scrap are listed below but there are many more
specialty polymers used for specific applications:

•

Acrylonitrile Butadiene Styrene (ABS)

•

Polycarbonate (PC)

•

PC/ABS blends
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•

High-Impact Polystyrene (HIPS)

•

Polyphenylene Oxide blends (PPO)

Plastics refining requires a highly complex and specialized processes that must be specifically
designed for each type of polymer. This makes recycling mixed plastic materials a very exhausting
process. In addition, brominated flame retardants (BFRs), an additive in plastics for electronics, causes
problems for recyclers because of toxic material regulations. This results in sending most plastic to
landfills, incinerators, or overseas being. However there is promising research that may lead to
improved quality and increased markets for recycled polymer materials.
Recycled plastics are processed in one of three ways; by mechanical processing, chemical
processing, or thermal recovery. Mechanical recycling melts down recycled plastics so they may be used
to make new products while maintaining physical and chemical properties. Chemical recycling induces a
chemical reaction and uses the products of that reaction for other chemical processes. Thermal recovery
is using recycled plastics as a raw material for fuel and focuses on recovering energy.
2.2.4.1 Mechanical Recycling
Mechanical recycling is a simple melting and reshaping of plastics to produce a new product.
However, this method is only viable for a limited number of plastic types. Another area of mechanical
processing is blending, where several different compatible polymers are melted down and mixed into
one consistent material and then reshaped for a new application. Several studies have been conducted
with the following results:

•

Liang and Gupta found that PC/ABS blends of 40 wt% recycled PC, 10 wt% low-molecular-weight
virgin PC, and 50 wt% virgin ABS would be an acceptable product with high recycle content and
balanced processing and mechanical properties[8].
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•

Brennan found that blending HIPS and ABS will improve mechanical properties lost in plastic
degradation during recycling with the exception of impact properties. However, he proposed
impact properties could be improved by adding impact modifier [8].

•

Yave studied recycling blends of thermoplastic wastes consisting of PE/PP/PS/HIPS. He found
that the impact resistance of different blends was improved by using SEBS/EPR mixtures as a
compatibleizer. The resulting material was found to be soft with have high impact resistance
and easily processed [8].

•

Fu studied blends of rPS/POE/HDPE/SBS and found a combination that would be mechanically
suitable as a TV backset while replacing the use of HIPS. It is both economical and more
sustainable [8].

Based on the above research it may be worthwhile to develop processes that efficiently and cost
effectively segregate plastics by polymer type. But until we can develop a way to make plastics recycling
a closed-loop process the pile of waste will keep on growing. That is why chemical recycling is another
promising avenue. Chemical recycling is where plastics are used as raw material for petrochemical
processes or as a reductant in metal smelting operations [8].
2.2.4.2 Chemical Recycling
Chemical recycling is defined as the chemical degradation of a plastic to obtain products that may be
reused as raw material. There are four important processes in the chemical recycling of plastics and the
following list is a summary of those processes:

•

Gasification: The purpose of gasification is to generate synthesis gas. Temperatures reach 1600
degrees C at a pressure of 150-bar [8].

•

Hydrogenation: The purpose of hydrogenation is to convert heteroatoms (such as nitrogen,
sulfur, and halogens) into hydrogen compounds [8].
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•

Pyrolysis: The purpose of pyrolysis is to remove corrosive halogens that damage the reactor.
Several other processes for removing halogens have also been designed [8].
o

BP Chemical Pyrolysis: product consists mainly of paraffin wax

o

BASF Thermolysis: product is very similar to common naphtha

o

Watech A/S: products are energy-rich oil condensate, coke, calcium bromide, metal, and
ceramic.

•

BFR extraction: Plastics used in electronics are treated with brominated flame retardants which
cause problems with corrosion on the reactors during chemical recycling. Currently there are no
methods of extraction; however, some studies on extraction methods have yielded positive
results with some plastics [8].

•

Depolymerization: This process aims to extract out monomers from polymers and use them to
generate new polymers which have identical properties as virgin materials. Some successful
studies are listed below:
o

Oku found a way to make BHE-BPA (bisphenol A) from reacting PC with EG (ethylene
glycol) using NaOH as a catalyst and adding EC (ethylene carbonate) to the mix.
However, additional EC from an outside source is required [8].

o

Ozaki studied a technique of recycling phenol resin using supercritical methanol without
producing additional gas [8].

o

Sato found a way to recover 40 wt% of phenol and isopropylphenol as monomers in the
liquid phase cracking of Bisphenol-A types of epoxy resin using solvents [8].

Chemical recycling of plastics has made significant gains through research but has not been able
to enter the market and turn any real results in the reduction of plastic waste. Hopefully this will change
in the near future as demands for these types of operations increases.
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2.2.4.3 Thermal Recycling
Another alternative in plastics refining is thermal recycling. Thermal recycling uses waste plastics
as fuel, similar to the way coal is used. Plastics are well suited for this because of their high heat value
and since plastics are derived from oil they have a high calorific value equivalent to or greater than coal.
As an example, one ton of plastic can replace 1.3 tons of coal burned in a cement kiln [8]. The downside
to thermal recovery is the byproducts of burned plastic, some of which are very damaging to human
health and the environment. The most notable pollutants from plastic incineration are dioxins, heavy
metal ash, inorganic acidic gases, and carbon dioxide.

2.3

Printed Circuit Boards
Most consumer electronics contain some sort of circuit board (PCB) to perform computations

and store data. Computers, cell phones, and mp3 players are common products that contain PCBs. They
are the most valuable component of any electronic devise but also the most difficult to process. They
contain many different materials in complex configurations and on a very small scale. Many e-waste
recyclers will segregate out the PCB during the de-pollution stage of the recycling process so that they
can either be sold to another party, processed separately for material recovery, or sent to a landfill.
The primary source of scrap PCB is from original equipment manufacturers (OEMs), PCB
manufacturers, end users, and equipment dismantlers. Fifty thousand tons is generated annually in the
United Kingdom, forty thousand of which are populated. Only 15% of PCBs are subject to any recycling.
Recycled boards are considered high grade scrap due to the precious metal content found in
components. All non-precious metal containing scrap is sent to landfills. However, 60% of PCB scrap in
landfills is still housed in original equipment and therefore still populated.
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2.3.1

Recovery Methods
Printed circuit boards have their own hierarchy of recycling that is very similar to the broader e-

waste hierarchy. The lowest form of recycling is component recovery via disassembly. However the low
cost of high technology in new components places limits on long-term viability and it only makes sense if
the recovered components are high value or if they hinder down-stream operations. The next level of
PCB recycling is smelting for metal recovery. Smelting is burns off organic compounds (plastics) and
liquefies metals. The result is a copper-rich ash which can be further refined to separate out pure
metals. The highest level of recycling is material recovery of all PCB materials. There are two steps to
PCB material recovery: mechanical recycling and metal extraction. Mechanical recycling is closer to true
recycling because it separates the metals from the plastics and finds downstream applications for the
plastics.
Separated metals are subject to further segregation and purification by pyrometallurgy or
hydrometallurgy. Pyrometallurgy uses thermal processes such as drying, calcimining, roasting, smelting,
and refining to extract metals where hydrometallurgy uses aqueous chemistry to accomplish the same
goal. Hydrometallurgy may involve dissolution in sulfuric acid or nitric acid with results that may yield
higher metal recovery and be a genuine alternative to smelting. Hydrometallurgy can be designed for
either selective or non-selective dissolution. Selective dissolution utilizes high capacity etching
chemistries. Cupric chloride and ammonium sulfate are used for copper; nitric acid is used for solder,
and aqua regia is used for precious metals. Non-selective dissolution uses both aqua regia and chlorine
based chemistries for non-pure extractions.
Before PCBs are processed they are segregated by grade classification. There are three grades
pertaining to precious metal content: low, medium, and high. Some examples of low grade PCB scrap
are television boards and power supply units containing heavy ferrite transformers and large aluminum
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heat sink assemblies. Another type of low-grade scrap is from laminate offcuts. Offcuts are waste
trimmings from the PCB fabrication processes. Due to their low value it is not economical to smelt these
boards even though they do contain some metals. Medium grade PCB comes from high-reliability
equipment with precious metal content from pin and edge connectors and low incumbent material such
as aluminum capacitors. High grade scrap may contains discrete components, gold integrated circuits,
optoelectric devices, high precious metal content boards, gold-pin boards, palladium-pin boards, and/or
thermally coupled modules from mainframes.
Future Developments of PCB recovery lie within the mechanical processing techniques discussed
above. Since 70% of PCB scrap is glass reinforced plastic (GRP) methods other than smelting should be
investigated. Another area of developmental interest is in “dry” mechanical operations that do not
require any chemistry. This is because they do not create demands for un-sustainable gaseous and liquid
chemicals.
2.3.2

PCB Characteristics
Having so many materials present in PCB scrap requires several different recovery methods to

be in place if total recovery is the goal. In order to fully understand the processes behind PCB recovery
one must understand the physical and chemical properties of the material involved. An important
physical property is density (or specific gravity.) PCB material densities are listed below in Table 3:
Table 3: PCB Material Densities - Electronic Waste Management: Design, Analysis and Application

Material

Density

gold/palladium/tungsten

19.3-21.4

lead/silver/molybdenum

10.2-11.3

copper/nickel/ iron/zinc

7.0-9.0

magnesium/aluminum/titanium

1.7-4.5
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GRP

1.8-2

Magnet and electrical conductivity differences are also important in material sorting and
separation and many techniques have been modeled based on these differences. Magnetic separation
techniques for processing PCBs are nearly identical to the general e-waste processes described earlier.
The biggest issue with many of the processes modeled after physical properties is polyformity.
Polyformity in size and shape has a negative effect on material liberation during conductivity separation
as well as density separation methods. Sub-5 mm particulates result in 96-99% metal recovery but
precious metal loss is inherent at plastic-metal interfaces. These numbers are not typical of actual yields
but have been demonstrated before and therefore are possible under tightly controlled crushing and
shearing processes.
Shredding increases surface area and helps hydrometallurgy process too. An important material
characteristic in hydrometallurgy is ionic electropositivity. After dissolution, metals are present as ions
and are recoverable with high efficiency electrolytic recovery systems. Differences in electropositivity
allow discrete voltages to be applied to recover certain ionized metallic species.
2.3.3

Emerging Technologies
There are several new technologies and techniques currently in development to improve

recovery of PCB material. For example, new pulverizing processes are being explored that would result
in very fine particulate. One method deep freezes material prior to crushing, increasing brittleness
properties and resulting in the type of fine material that can be processed in a centrifugal air vortex.
There has also been considerable success with new hydrometallurgical approaches. Although only in the
pilot-plant stage, a $200 per ton profit has been demonstrated. However, one of the most notable new
PCB processing technologies is automated component disassembly. SAT in Austria uses component
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scanning to identify the component type prior to laser beam desoldering and vacuum removal. For a
surface mounted component a robot can remove it in 3 to 5 seconds; a soldered component is either
removed with a laser (using low heat input) or with infrared heat (high heat input.) The type of removal
depends of the value of the component and the method in which it was originally installed.

2.4

Company Examples
Both Redemtech and Mico Metallics are e-waste recycling companies. Micro Metallics entered

into a partnership with HP in 1996 to handle their e-waste. However, they are no longer operating under
the same name or have gone out of business. Redemtech is still in business and is an e-steward through
the Basel Action Network. They deal primarily with businesses that need end-of-life management for
their electronics. Their processes are described below:
2.4.1

Redemtech
Redemtech picks-up, labels, and scans each piece of equipment prior to transporting. After

arriving at the facility items are scanned again to ensure no parts were lost in transit and then they are
registered into a database. The machines are put through an assembly line where a worker will erase
the hard drive to Department of Defense standards. If the unit has resale value they will clean up and
install Microsoft windows XP or Vista and. Then the unit can be sent to Redemtech’s parent company,
Micro Electronics, for purchase on the refurbished electronics market. If the unit has little or no value
then it will be disassembled by hand with components shipped to a secondary market or overseas for
additional processing. Redemtech takes efforts to ensure that overseas partners have environmentally
responsible facilities, in which workers are protected from toxin exposure and where all hazardous
waste is properly disposed of in designated landfills [1].
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2.4.2

Micro Metallics
At Micro Metallics arriving equipment is tested, sorted, and disassembled to remove both

valuable and hazardous parts. Each pallet of e-waste is labeled with a source customer code (SCC) which
informs employees about the contents of the pallet and allows them to track material as it moves
through the facility. Their recycling process begins with size reduction which involves shredding,
shearing, and grinding the material into a chopped salad of plastic and metal. This mixed material is then
sorted into four separate recyclable commodity streams; ferrous, nonferrous precious-metal-containg,
aluminum-containing, and a residual mix of plastic and nonferrous material. Micro Metallics uses screen
filtration, magnetic, and eddy current techniques. They have 110 employees on two shifts to test, sort
and disassemble. The mechanized recycling operations are done in a separate area of the facility that is
entirely closed off with a local ventilation system and a baghouse to control dust contaminants. Only 12
employees over two shifts are needed to oversee and run the mechanized process. Resulting materials
are sent to downstream refiners who further process the waste for material recovery. Precious and
nonferrous metals are sent to a smelter in Canada, plastics are sent to a plastics recyclers, ferrous and
aluminum rich materials are sent to smelters who specialize in those materials, and CRTs are sent to a
company in Pennsylvania that recycles the glass [9].

2.5

Worker Safety: The Right Way
Micro Metallics is a very good example of a company that prioritizes safety. Workers sit at well-

lit workbenches that are ergonomically designed with adjustable tables and chairs. Tables are also
equipped with hydraulic lifts to avoid injury when working with heavy items. Computers at each work
station allow workers to retrieve information about the product they are dismantling through a
database that informs them of hazards along with the processing instructions. They have motorized
pallet jacks and forklifts, as well as tools assigned to specific tasks. These tools are mostly air-driven and
screwdrivers are only used as a last resort. Workers are encouraged to give feedback on product and
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tool design and to make suggestions regarding efficiency and safety. As a result of this, hammers have
been eliminated and considered dangerous and vacuums have replaced brooms in an effort to reduce
dust. Employees have their blood monitored on a yearly basis for lead content in addition to monitoring
air quality throughout the facility. Their workers are also members of the International Association of
Machinists and Aerospace Workers Union and receive all federal and state protections and benefits
related to membership [9].

Chapter 3: Design
The first place to tackle the e-waste problem should be at the point of collection because collection
design schemes set the tone for compliance and compliance is the most important factor in diverting
waste from unethical and illegal disposal methods. Campaigning is an important effort in order to
promote compliance, but if the availability of ethical services is not present then campaigning efforts
will fall short. Therefore, the immediate goal is to design a collection and processing scheme that
engages the right resources in order to promote a cost effective and sustainable solution to slowing
down the e-waste stream.
Slowing down the e-waste stream is critical in buying time for governments, industry, and technology
companies to catch up to the reality of the issue. As discussed earlier, there is no cohesive policy on ewaste and the technology products emerging on the market lack adherence to a sustainable vision.
However, this is slowly changing as industry and consumer awareness heightens. For the purposes of
this report I will propose an e-waste collection schematic and a processing facility specific to the central
coast. The e-waste collection concepts developed in the following pages are meant to serve as a starting
block for further engineering, data collection, and analysis.
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3.1

The Overall Design Concept

Based on research and analysis there are several issues that must be addressed to ensure a successful ewaste collection operation. Those issues deal with cost, policy, liability, demand, safety, and
cooperation. Cost is the biggest problem when it comes to recycling e-waste. The work required to
effectively break down the materials and components is either vary labor intensive or very capital and
technology intensive. Cohesive industry accepted policies have not yet matured and consumers are
currently left with few choices and a lack of information when it comes to recycling their old electronic
goods. Several recyclers have been successful, but those businesses are successful because they have a
paying customer base and are focused on business to business transactions. People who use personal
computers in their home are reluctant to pay to throw their old technology away. However, this may
change as modern culture evolves to embrace sustainability. Recyclers who accept old computers and
related technologies for free are faced with the challenge of balancing their finances. This often requires
cutting corners.
Maintaining a cheap and reliable labor force is the key for successful recycling operation. This can be
done by taking advantage of high school and collegiate education systems; using them as both a source
of labor and an educational opportunity for young people in the public school system. Using students to
break down and build computers has benefits for both parties. Students are given a platform for
learning how to comfortably handle computer hardware while they contribute to their community and
earn school credits. The community, in return, is provided a cheap and abundant labor force to handle
their e-waste in an ethical and sustainable manner. Eliminating disposal fees and providing a local and
reliable service encourages compliance while promoting sustainability and technology awareness among
the community’s youth. This concept aligns well with Cal Poly’s “learn by doing” philosophy in addition
to the school’s desire to be a forward thinking institution on the topic of sustainability.
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The goal of this project is to design a feasible collection and processing system for e-waste in the San
Luis Obispo County. The following sections will outline a plan that encompasses collection,
transportation, facility design, and process scheduling for a proposed e-waste processing facility that is
maintained by the local education system.
3.1.1

Collection and Transportation

Both the transportation network and the lab should be able to accommodate 100% of the flow of waste
coming from San Luis Obispo County. Assuming that that 1% of the population recycles their personal
computer each year, there would be an inflow of over 2,700 computers entering the waste stream in
2010. The proposed processing facility and transportation system must handle this capacity in order to
divert all personal computers from improper means of disposal.
Collection starts with having routine collection drives at local high schools. High schools are conveniently
located near city centers and often have large parking lots available on the weekends. Collected e-waste
is transported back to the main processing facility which will be located on the Cal Poly campus. In order
to efficiently serve the entire SLO County, six high schools were chosen; three in North County and three
in South County. The North County collection centers will be in Paso Robles, Cambria, and Atascadero.
The South County collection centers will be in Morro Bay, Arroyo Grande, and Nipomo. Collection will
occur at each location’s public high school once every month on the same day of the month. A collection
schedule is shown below in Table 4.
Table 4: Collection Schedule

Collection Location

Day

Hours

Paso Robles

1st Saturday

9-1

Cambria

1st Sunday

11-3
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Atascadero

2nd Saturday

9-1

Morro Bay

2nd Sunday

11-3

Arroyo Grande

3rd Saturday

9-1

Nipomo

3rd Sunday

11-3

Weekends were chosen as collection days because High School parking lots are typically unutilized on
those days. The hours were chosen with consideration to church-goers on Sundays. Using a routine
schedule like the one in Table 1 provides a predictable service to the community while promoting a
balanced and forecast-friendly flow of materials through the processing facility. Designing the collection
schedule as shown above also allows the use of only one transportation vehicle, maximizing asset
utilization and minimizing startup capital expenses.
The required transportation vehicle would need to hand the maximum predictable volume of e-waste at
any given location. Transportation vehicle capacity was calculated by assuming that 1% of the
population will discard their e-waste each year. The population growth trends were analyzed and
predicted up to the year 2014 by using historical city data for the county. Annual e-waste disposal rates
were evenly distributed throughout the year, ignoring seasonal demand. Figure A (shown below)
illustrates the predicted required capacity for transportation at each location for the next 5 years.

43

Capacity Requirements for Each
Collection Location
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Figure A:: Capacity Requirements for SLO County EE-Waste Collection

According to the calculations that established Figure A, the capacity of the transportation vehicle should
be able to handle a minimum of 44 ee-waste
waste units. This number represents the tallest column in Figure A
(predicted capacity for e-waste
waste collected from Atascadero in 2014.)
3.1.2

Facility Design

The main processing facility will be a portable building outfitted for both de
de-manufacturing
manufacturing and rere
manufacturing, with ample space to house both processed and un
un-processed
processed inventory. Materials will
come into the facility and go through aan inspection process in order to determine if the unit is worth
refurbishing or should be scrapped down to the component or material level. The inspection process
requires a very knowledgeable technician and is a bottleneck location in the process
process. The inspector
determines
etermines what is to be done to each incoming unit and creates the appropriate work order.
There are six types of inventory and the facility will have six assigned locations for each type. The first
inventory location is Pre-Inspection.
Inspection. This is where coll
collected e-waste
waste units are stored after they enter the
facility but before they are inspected. At this location the unit is assigned a base stock number which will
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follow that unit through the processing. After inspection the unit will then be placed in Post-Inspection
inventory along with the work order. Refurbished units will go into a Refurbished Inventory location.
Recycled units will go into one or both locations for Scrap and Components. A special inventory location
for scrap monitors is also required. A conceptual 3D model is shown in Appendix A.
3.1.2.1

Facility Requirements

The e-waste lab should be able to continue collecting for 3 whole months without processing in addition
to a year’s worth of processed material. This ensures that the facility can handle the predicted capacity
under the scenario that the lab must be shut down one quarter and that processed inventory doesn’t
move. However, it is assumed that inventory will be consumed throughout the year from various groups
and individuals. For 2010, the e-waste lab should be able to process and store 2,700 units worth of
computer waste. Assuming that 10% of the received units can be refurbished and reused and 25% have
reusable parts; then 65% require material-level processing and storage.
10%2,700

  270

25%2,700

  675

65%2,700

  1,755

Another assumption that must be made is the square footage required per capacity unit. Assuming that
1 computer requires 1.5 square feet of shelf space when whole, and 1 cubic foot of shelf space when
disassembled, then the following equation may be used to estimate inventory shelving space required
for post-processed equipment:
270

1.5     405 



675  1,755  1    2,430 
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405  2,430  2,835 



 

Incoming inventory will be held in a separate location and will require adequate space for 3 months of
inventory. This will allow the lab to continue servicing the community for a whole quarter without
processing. It is important to be a consistent and reliable service, even in times of budget cuts and
unpredictable funding sources. Three months of un-processed inventory will require 1,013 square feet
of shelving space. The equation is shown below:

2,700

1.5  /4  1,013 



! " #

The total shelving space required would be able to accommodate 3 months of pre-production material
in addition to 1 year of post-production material results in 3,848 square feet of inventory shelf space.
The e-waste lab should also be able to accommodate a minimum of 40 workstations; 18 for disassembly,
18 for refurbishing, and 4 for inspecting and testing. The disassembly and re-furbish stations should be
equipped for either task and can be used interchangeably. This allows flexibility in designing classes. The
space required for each work station is estimated at 6 square feet of table surface, with room for
personal space and comfort for working and walking. This results in 600 square feet of production area.
40 $!%&

 !

5   3ft  600 



! %!)  ! $!%& %

An appropriate structure would be able to house all inventories and the production floor comfortably. A
Quick Structure Cover-All Building would (pictured below) would meet all these requirements.

46

Figure B: Portable Quick Structure

The hanger-like building pictured in Figure D measures 30 x 60 feet and is inexpensive at $4,600. A
concrete slab will need to be provided for the building, costing an additional $70 per cubic yard (1 yard =
3 feet.)
30  * 60   1,800 
1,800





 200+)

Assuming that the thickness of the concrete slab is 6 inches, 34 cubic yards will be required to construct
the slab. This will increase the cost of the building to $6,980 (excluding labor costs.)
3.1.3

Process Flow and Scheduling

When material enters the facility it is unloaded into a pre-inspection inventory location where the units
wait for inspection. After inspection the units are placed in a post-inspection inventory location with a
work order that describes the condition of the unit and if it should be refurbished or scrapped. Student
workers complete the rest of the process by selecting a unit to work on and following the instructions on
the work order. From this point e-waste components, scrap, and refurbished items are stored in their
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respective inventory locations until they are consumed by the community or sent for further recycling. A
basic Process Map is shown in Figure C below.

Figure C: Process Map

For the first, second, and third weekend of every month a new shipment of e-waste is delivered to the
facility. Since inspection is the bottleneck process in which all incoming units must go through before
being processed it is important to adequately staff inspectors early in the week. Determining an
appropriate workforce and work schedule has been calculated using ProModel Simulation Software.
Table 5 displays the work schedule for a single inspector but the shifts would be shared between several
inspectors. For a controlled process, at least one inspector is required to work three full days at the
beginning of the week. One hour breaks are scheduled between 11:00am and noon and between
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3:00pm and 4:00pm, but those breaks could be taken at any time as long as there is someone inspecting
12 hours a day on Monday, Tuesday, and Wednesday.
Table 5: Inspection and Pre-Production Schedule

Student workers performing recycling and refurbishing processes need to work 60 hours a week on
either Thursday, Friday, or both. Assuming that 20 students commit, that is only 3 hours per week per
student. However, the simulation was run with 10 students working 6 hours per week (see Table 6.)
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Table 6: De-Manufacturing Schedule

Key assumptions made in the simulation are that inspection, refurbish, and recycling processes take a
uniform distribution of 60 minutes per unit. In addition, scrap materials are either recycled or consumed
in 50 days and components and refurbished units in 30 days. Ten percent of all incoming e-waste is
refurbished with the other 90% recycled into five categories: monitors, components, PCB, plastics, and
metals. Monitors make up 10% of all e-waste scrap, with components accounting for 25%, PCB
accounting for 20%, plastics for 20%, and metals for 25%.
Under the conditions stated above, the process is stable with pre-inspection inventory clearing out
every four weeks (blue line in Figure D,) and post-inspection inventory clearing out each week (red line.)
Pre-inspection inventory has maximum contents of 103 units with an average of 46 units. Postinspection inventory has a maximum of 36 units each week. The average time in system for any given
unit of e-waste is 8 weeks. A detailed report of e-waste (entity,) inventory (location,) and resource
activity is shown in Appendix C.
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Figure D: Dynamic Plot of Current Contents

Refurbished computers are sold for no-profit (priced only to cover the cost of new software or parts if
requested by the buyer) or donated to needy families, schools, and other charity organizations.
Machines are put in inventory with a description of what is needed to make it complete. For example, a
machine may just need a new hard drive and new software installed or maybe it is missing a power
supply. A customer will be able to buy the machine as it is and complete the unit themselves, or they
can choose to have all the required parts purchased and installed for them with the additional costs
accounted for by the buyer.
3.1.4

Why This Approach

This approach was chosen because the e-waste recycling industry is in its infancy stages where policy,
politics, and technology may alter its course drastically in a short period of time. Universities are
institutions of learning and have more flexibility because profit is not the measure of success and
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survival. Allowing high school and university students to take apart and rebuild old computers provides a
valuable educational experience that would be attractive to many employers later in life, especially
students who are interested in working in the high tech industry. It also encourages innovation and
experimentation in an area that needs it. It fosters the “learn by doing” spirit of the campus and will
draw-in curious and talented young people who are interested in getting involved in real world issues. If
managed and maintained appropriately then this e-waste recycling schematic can be a win-win
situation; for the community and for the students.
3.1.5

Design Requirements and Constraints

The design requirements are as listed below:

•

Transportation network must easily serve all community members

•

Transportation methods must maintain the integrity of the collected equipment starting at the
time of acquisition

•

Inventory information must be made public and easily available

•

No fees for collecting equipment

•

Only computer equipment will be collected

•

Facility resources are only available to registered Cal Poly students

3.2

Metrics

The following metrics will be tracked for the e-waste lab facilities:

•

Capacity

•

Utilization

•

Cycle time

•

Volume contribution by brand
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•

Throughput

The following metrics will be tracked for e-waste lab pre-processed inventory:

•

Volume
o

Percent volume by type

o

Percent volume by age

o

Total volume

•

Time in System

•

Work in Progress

•

Rate increase/decrease

The following metrics will be tracked for e-waste lab post-processed inventory

•

•

Component level volumes
o

by age and type

o

by estimated precious metal volume

Whole-unit level volumes
o

•

by age and type

Scrap volumes
o

o

circuitry volumes by weight


estimated precious metal content per unit of volume



estimated value of circuitry scrap

plastics volumes by weight


o

plastic volumes by type

Metal volumes by weight
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o



metal volumes by type



estimated value of metal scrap

Hazardous material volumes


•

estimated cost of disposal

Time in System

The following metrics will be tracked for transportation:

•

Annual vehicle fixed costs (i.e. insurance and registration)

•

Annual cost of vehicle operation
o

maintenance and fuel costs

•

Number of miles traveled per week

•

Miles traveled per unit of e-waste collected

•

Fraction transported by mode
o

percent drop-off

o

percent pick-up

The following information-related metrics will be tracked:

•

Forecast horizon

•

Forecast error

•

Seasonal factors

•

Variance from planed production
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3.3

Managing Supply and Demand

Analysis of past data in population growth trends has estimated that San Luis Obispo County will grow
by 15,000 people by the year 2014. The trend is estimated using historical census data for San Luis
Obispo County shown in Appendix D. This growth trend is observed in Figure E below:

Predicted Population Growth Trend
for SLO County
290,000
285,000
280,000
275,000

TOTAL COUNTY
POPULATION

270,000
265,000
260,000
2008 2009 2010 2011 2012 2013 2014

Figure E: Population Expansion - U.S. Census Bureau: State and County QuickFacts

The e-waste lab should be able to expand capacity at the same rate as the population demand for
computer recycling. This turns out to be an average of 1% over 5 years. Therefore, the capacity of the ewaste lab and the capacity of the transportation modes need to accommodate this growth. The amount
of e-waste volume is forecast with taking a percentage of the total population, which is currently set at
1%. This number may have to be adjusted.

3.4

Future Directions

Hopefully the e-waste lab will catch the interest of the chemistry and materials science departments
who may be interested in performing chemical extractions or smelting of precious metals. There may
also be interest in working with recycled plastics from e-waste for making various products; park
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benches or picnic tables made from recycled e-waste is one example. If the lab is successful it may be
able to manage a “100% absorption policy” where all of the materials from the collected e-waste is
remade into something that can be used on campus or sold to various markets. The number of
possibilities and the avenues for learning are endless with such a facility.

Chapter 4: Results and Conclusion
The purpose of this report is to design a system that serves as a pilot solution for handling the e-waste
problem that plagues today’s society. The goal is to eliminate electronic waste from entering the waste
stream and prevent people from stockpiling old electronics in their home when they can be put to
better use. There is a lack of e-waste services in the San Luis Obispo County and by building a facility and
modeling it successfully it may serve as an example for larger operations.
The Cal Poly Campus was chosen as the location of the lab because it will be maintained and operated
by students, reducing operating costs. Purchasing a truck to transport the material between collection
locations and the CP E-Waste Facility was determined through a linear program model using Excel
Solver. It was compared against other modes of transportation and chosen based on the minimal annual
cost. The locations were chosen for their proximity to the customer (the community) and for the ample
space in their parking lots on weekends. Capacity requirements were determined through population
census data.
In conclusion, an e-waste lab at Cal Poly would both serve the students and the community by providing
learning opportunities and foundations for projects while absorbing the environmental burden of ewaste, alleviating the pressures of improper computer disposal practices. People can be confident that
e-waste is being handled ethically and sustainably.
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[Appendix A] Conceptual 3D Model the Processing Facility

59

60

61

[Appendix B] Summary of Costs

1. Infrastructure and Construction
a. Building
i. Materials: $6,980
ii. Labor: $5,000
b. Workstations
i. Desks: $12,000
ii. Bins: $840
iii. Chairs: $2,952
iv. Tools: $2,360
c. Shelving: $1,561
d. Front Desk
i. Computer:
1. Hardware: $600
2. Software: $1,000
2. Transportation Vehicle
a. Vehicle: $30,000
b. Insurance: Variable
c. Maintenance: Variable
Total Capital Costs: $63,293
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[Appendix C] Simulation Results
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[Appendix D] Historical Population Growth Trends for SLO County

Housing units, 2008: SLO County - 116,767 California- 13,393,878
US Census Bureau
http://quickfacts.census.gov/qfd/states/06/06079.html
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[Appendix E] Websites and Groups
-

Silicon Valley Toxics Coalition: www.svtc.org
o

“Organization dedicated to research, advocacy and grassroots campaigns to promote
human health and environmental justice in response to the rapid growth of the high-tech
industry.”

-

Green Electronics Council: www.greenelectronicscouncil.org
o

“Supports the effective design, manufacture, use, and recovery of electronic products to
contribute to a healthy, fair and prosperous world.”

-

Basel Action Network: www.ban.org
o

International organization focused on writing policy and legislation dealing with e-waste.
Started a program to certify “e-stewards,” electronic recyclers, who do not export, dump
into landfills, or incinerate e-waste.


Examples of e-stewards are Epic Systems (www.escorp.com ), ECS Refining
(www.ecsrefining.com) , Redemtech (www.redemtech.com)

-

Electronic Takeback Coalition: www.electronicstakeback.com
o

“Promotes green design and responsible recycling in the electronics industry. Our goal is to
protect the health and well being of electronics users, workers, and the communities where
electronics are produced and discarded by requiring consumer electronics manufacturers
and brand owners to take full responsibility for the life cycle of their products, through
effective public policy requirements or enforceable agreements.”

